The initial reaction of many aerobic metabolic pathways consists of an epoxidation step (1, 18, 36, 53) . Generally, this reaction is monooxygenation, in which molecular oxygen is reductively activated to perform the epoxidation with concomitant formation of water. Enzyme prosthetic groups or cofactors, e.g., transition metals, pterins, and flavins, react with dioxygen, giving rise to highly reactive forms of oxygen such as oxyferryl and peroxides. Enzymes catalyzing epoxidation reactions can be found in the heme-containing cytochrome P-450 family (43) , members of which are often involved in detoxification processes. Thus, especially mammalian P-450 enzymes have been thoroughly studied (15) . Other examples include the nonheme iron methane monooxygenases (12, 47) and the haloperoxidases (24, 50) .
Various microorganisms, including species of Xanthobacter, Rhodococcus, Nocardia, Enterobacter, and yeast (14, 16, 34) , are utilizing styrene as a sole source of carbon and energy, and different styrene degradation pathways have been described (33, 48) . The epoxidation of the vinyl side chain of styrene catalyzed by a monooxygenase is the initial reaction in one microbial aerobic styrene degradation pathway. Further metabolic steps include isomerization of epoxystyrene into phenylacetaldehyde and the subsequent oxidation into phenylacetic acid (16, 48) . Although styrene degradation by the upper pathway has been studied extensively, especially in Pseudomonas and Xanthobacter strains such as Xanthobacter strain 124X (17) , Pseudomonas fluorescens ST (3), Pseudomonas sp. strain Y2 (46) , Pseudomonas sp. strain VLB120 (38) , and Pseudomonas putida CA-3 (35) , the current understanding of these processes is focused on organization and regulation of the genes responsible for this metabolic pathway and on exploitation of the epoxidation reaction in whole-cell systems for biotechnological applications (9, 39) . The biochemical properties of the isolated enzymes have thus far not been reported.
The genes responsible for styrene degradation in the styrene-mineralizing microbe Pseudomonas sp. strain VLB120 have been cloned and characterized (38) . From these studies it has been concluded that the enzyme catalyzing the initial reaction is a two-component monooxygenase encoded by styA and styB. However, studies describing the biochemistry and the catalytic properties of the isolated proteins are still missing. In particular, the molecular architecture of the monooxygenase and its function on the protein level as well as the mechanism of oxygen activation and substrate epoxidation have been only a matter of speculation.
Here, we report the detailed characterization of StyA and StyB and their physiological interaction as a two-component styrene monooxygenase system, StyAB. Biochemical evidence is presented that StyAB is a new member of the two-component flavin-dependent monooxygenase family.
MATERIALS AND METHODS
Chemicals, bacterial strains, and plasmids. All chemicals were purchased from Fluka AG (Buchs, Switzerland).
18 O 2 -enriched air was obtained from Eurisotop (Gif-sur-Yvette, France). Catalase from beef liver, Taq polymerase, restriction enzymes, flavin mononucleotide (FMN)-NADH oxidoreductase from Photobacterium fischeri (formerly Vibrio fischeri), and T4 DNA ligase were obtained from Roche Molecular Biochemicals (Basel, Switzerland). The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and microbiological methods. Escherichia coli strains were grown in Luria-Bertani (LB) medium (42) or M9* (38) supplemented with 150 g of ampicillin ml
Ϫ1 at 37°C for StyB production or 50 g of kanamycin ml Ϫ1 at 30°C for StyA production, respectively.
Plasmid DNA was purified with a QIAprep spin plasmid kit (QIAGEN, Basel, Switzerland). DNA fragments and PCR products were separated by agarose gel electrophoresis and isolated using the QIAquick gel extraction kit (QIAGEN). Digestion with restriction endonucleases and ligation experiments were carried out by using standard procedures (42) .
PCRs were performed in a volume of 100 l containing 10 l of PCR buffer for Taq polymerase, 10 l of dimethyl sulfoxide, 200 M (each) deoxynucleoside triphosphates, 1 M (both) primers (see below), and 100 ng of DNA template. This mix was preincubated at 95°C in a PCR thermocycler (Perkin-Elmer, Emeryville, Calif.) for 4 min before addition of 2 U of Taq polymerase. Twenty-five cycles were performed as follows: 94°C, 1 min; 45°C, 1 min; 72°C, 1 min; and 72°C, 7 min. Negative controls were based on template DNA from pUC18. Cells competent for transformation were prepared using a CaCl 2 -based method (31) . Transformation of the cells was done by using a standard procedure based on heat shock (42) .
Cultivation of E. coli JM101(pSPZ10). E. coli JM101(pSPZ10) was cultivated for production of recombinant StyA in a 3-liter reactor with 2 liters of M9* medium as described elsewhere (39) . After overnight batch growth, a linear feed of a 45% (wt/vol) glucose solution at a rate of 10 g liter Ϫ1 h Ϫ1 was initiated. The reactor was run in fed-batch mode until the end of the cultivation. After 1 h of glucose feed, the culture was induced with 0.05% (vol/vol) dicyclopropylketone. Typically, 60 g (wet weight) of cells was harvested 7 h after induction by centrifugation (15 min; 2,700 ϫ g; 4°C), washed, frozen as a pellet in liquid nitrogen, and stored at Ϫ80°C. Pseudomonas strain VLB120 was cultivated for the production of wild-type StyA. The organism was grown in the same 3-liter reactor containing 2 liters of M9* medium and styrene as the single carbon source. After inoculation, styrene was continuously fed to the culture by running the air stream through a bottle filled with bis(2-ethylhexyl)phthalate containing 10% (vol/vol) styrene (aeration rate, 0.4 liters min Ϫ1 ). After 23 h (optical density at 450 nm, 2.5), the aeration rate was increased to 1.2 liters min Ϫ1 and 400-l portions of styrene were added directly every 30 min in addition to the constant feed via aeration. At 27.5 h (optical density at 450 nm, 8.3), the amount of styrene added directly was increased to 800 l every 20 min. The fermentation was stopped after 32 h (optical density, 27.5) and yielded 46 g (wet weight) of cells.
Purification of the oxygenase StyA. All buffers contained 1 mM dithiothreitol (DTT) and 1 mM MgCl 2 . The entire procedure was performed at 4°C unless indicated otherwise. Fractions containing StyA were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). To prepare the cell extract, 6 g (wet weight) of cells was dissolved in 20 mM Tris-Cl buffer (pH 7.5) containing 10% (vol/vol) glycerol and cells were disrupted by two passages (1,000 lb/in 2 ) through a French press unit (AMINCO; SLM Instruments, Inc.). Insoluble cell debris was removed by ultracentrifugation for 35 min at 150,000 ϫ g. The supernatant was loaded onto an anion-exchange XK16/20 column (Amersham Biosciences, Dübendorf, Switzerland) filled with 12 ml of EMD trimethylaminoethyl (TMAE) 650(s) Fractogel (Merck, Darmstadt, Germany) at a flow rate of 1.5 ml min Ϫ1 in starting buffer (20 mM Tris-Cl, pH 6.5). Elution was done using a linear gradient of 0 to 360 mM NaCl in starting buffer. Fractions containing StyA were pooled, and ammonium sulfate was added to a final concentration of 1.6 M. The StyA pool was subjected to chromatography using a hydrophobic-interaction SOURCE15ETH column (volume, 35 ml; Amersham Biosciences) at a flow rate of 1.5 ml min Ϫ1 in starting buffer [20 mM Tris-Cl (pH 7.5), 1.6 M (NH 4 ) 2 SO 4 ] at 20°C. Elution of StyA was achieved by using a linear gradient of 1.6 to 0.8 M ammonium sulfate over 110 min. StyA eluted at an ammonium sulfate concentration of 1.1 M. Fractions containing StyA were identified by SDS-12% PAGE, pooled, and concentrated by ultrafiltration in a centrifugal filter device (Centricon-Biomax 30K; Millipore Corporation, Bedford, Mass.) to a volume of less than 5 ml. The pooled fractions were subjected to chromatography via size exclusion on a Superdex 200 HiLoad 16/60 column (Amersham Biosciences) at 1 ml min Ϫ1 in 20 mM KP i , pH 7.5. Fractions containing purified StyA were immediately supplemented with 10% (vol/vol) glycerol and 1 mM Pefabloc (Fluka, Buchs, Switzerland) and stored at Ϫ20°C.
Expression of styB in E. coli. Two PCR primers (UpNdeI, 5Ј-CTG GGT GAT TCA TAT GAC GTT AAA AAA AG-3Ј, and LowAscI, 5Ј-GTT GTT TTG TTG GCG CGC CAT CAA TT-3Ј) were designed to introduce an NdeI restriction site upstream and an AscI restriction site downstream of the styB gene (bases changed in order to introduce restriction sites are in bold). The DNA fragment containing the styB gene was amplified by PCR from pSPW1 (38) by using the described primers. The PCR product was purified by agarose gel electrophoresis, digested with NdeI and AscI, and cloned into the NdeI/AscI site of plasmid pSPZ2Not (37) under the control of the alk promoter, which is induced by addition of octane or dicyclopropylketone, resulting in pTEZ302. The correct gene sequence was confirmed by DNA sequencing.
Cultivation of E. coli JM109(pTEZ302). E. coli JM109(pTEZ302) was grown in LB medium (150 g of ampicillin ml Ϫ1 ) at 37°C. For 1-liter cell culture, 100 ml of LB was inoculated with one colony of freshly transformed E. coli and incubated for 8 h. Cells were harvested by centrifugation and resuspended in 1 liter of fresh LB medium. After 40 min, 0.05% (vol/vol) dicyclopropylketone was added to induce the alk regulatory system of pTEZ302. This procedure was followed by overnight incubation of the culture at 37°C. Cells were harvested by centrifugation, and the resulting pellet was stored at Ϫ20°C.
Purification of the reductase unit StyB. The purification of recombinant StyB (StyB rec ) was based on inclusion body isolation. All steps of the procedure were performed at room temperature. Crude extract was prepared by washing 2 g (wet weight) of cells twice in 100 ml of buffer A (50 mM Tris, pH 7.5). After centrifugation, the pellet was resuspended at 100 g (wet weight) of cells liter Ϫ1 in lysis buffer (buffer A, 25% [wt/vol] sucrose, 10 mM EDTA) and incubated for 15 min on ice. Subsequently, 10 mg of lysozyme ml Ϫ1 was added and the suspension was incubated for 30 min. Afterwards, the cells were disrupted by two passages (1,000 lb/in 2 ) through a French press (AMINCO; SLM Instruments, Inc.). The crude extract was centrifuged for 30 min at 2,000 ϫ g. The resulting pellet was washed six times sequentially using the following buffers: W1, buffer A, 0.5% (vol/vol) Triton X-100, and 10 mM EDTA; W2, buffer A and 2 M urea; and W3, buffer A, 0.15 M NaCl, and 1 mM EDTA. Each washing step consisted of two 40-min incubations in the appropriate buffer followed by centrifugation at 2,000 ϫ g. After washing, the inclusion bodies were solubilized in 300 ml of buffer (buffer A, 5 mM DTT, 8 M Urea) to a concentration of Ͻ0.5 mg of protein ml Ϫ1 . The solution was stirred overnight at 30°C and was then submitted to ultracentrifugation (150,000 ϫ g; 45 min; 15°C) to separate any particulate material. Refolding of StyB was achieved by diluting the supernatant dropwise 1:10 into refolding buffer (25 mM Tris, 1 mM DTT [pH 7.5]) while stirring the solution continuously. Aggregates were then removed by centrifugation (18,000 ϫ g; 30 min). Refolded StyB was concentrated by anion-exchange chromatography using For the enrichment of wild-type StyB, Pseudomonas strain VLB120 was grown as described above. The complete purification procedure was performed at 4°C. To prepare the cell extract, 6 g (wet weight) of cells was resuspended in 30 ml of 20 mM Tris, pH 6.5, with 10% glycerol, 1 mM DTT, and 1 mM MgCl 2 and the cells were disrupted by French press treatment. Insoluble cell debris was removed by ultracentrifugation for 35 min at 150,000 ϫ g. The supernatant was loaded onto an anion-exchange XK16/20 column (Amersham Biosciences) filled with 12 ml of EMD TMAE 650(s) Fractogel (Merck) at a flow rate of 1 ml min
Ϫ1
in starting buffer (20 mM Tris-Cl, pH 6.5). Elution was done using a linear gradient of 0 to 100 mM NaCl in starting buffer for 46 ml, followed by 100 to 300 mM NaCl for an additional 216 ml. Fractions with NADH oxidation activity were pooled and resubjected to chromatography at pH 5.9 under otherwise similar conditions.
Molecular mass determination and characterization of StyAB interaction. The molecular mass of StyA was determined by gel filtration on a calibrated Superdex 200 high-load 16/60 column (the molecular mass marker kit [range, 12 to 200 kDa] was from Sigma-Aldrich, Steinheim, Germany). The molecular mass of StyB was calculated from its nucleotide sequence and confirmed by SDS-PAGE and matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis (42) . Sedimentation velocity measurements were performed to determine the native molecular mass of StyB by using a Beckman Optima XL-I analytical ultracentrifuge. Sedimentation of the enzyme was measured by absorption (280 nm) and interference (42,000 rpm; 20°C; 100 scans; 6.5 h) simultaneously. Samples consisted of 1 mg of protein ml Ϫ1 in a buffer containing sodium phosphate buffer (50 mM; pH 7.3), 100 mM NaCl, 1 mM DTT, and 5% (vol/vol) glycerol. The calculation of the mass and the sedimentation coefficient was performed with the program SedFit (Peter Schuck, Division of Bioengineering and Physical Sciences, Office of Research Sciences, Office of the Director, National Institutes of Health, Bethesda, Md.). To investigate StyAB interaction, StyA and StyB were added to a concentration of 50 M each into the abovementioned buffer. Optionally, samples additionally contained 1 mM flavin adenine dinucleotide (FAD), 2 mM styrene, and 20 mM NADH.
Spectral measurements. All experiments requiring photometric measurements were carried out in a temperature-controlled Cary 1E UV-visible spectrophotometer (Varian AG, Zug, Switzerland). To determine enzyme activities and substrate concentrations, the following absorption coefficients were used: NADH, 6 (40) . Samples for measuring the CO difference spectrum were prepared in 50 mM sodium phosphate buffer, pH 7.6. The StyA concentration was 1 mg ml Ϫ1 . Before measurement of the spectrum between 300 and 650 nm, the protein was reduced by the addition of 15 mg of DTT and subsequently aerated with carbon monoxide for 12 min.
Determination of StyA activity. Activities are generally given in units, where 1 U is defined as the activity which converts 1 mol of substrate per minute. StyA activity was determined by measuring the formation of S-styrene oxide by reverse-phase high-pressure liquid chromatography on a LiChrospher125-4 RP-18 (5-m) column (Machery-Nagel, Oensingen, Switzerland) at a flow rate of 0.750 ml min Ϫ1 (retention time [R T ], 2.8 min). The conversion of all other substrates was determined using a CC259/4 Nucleosil 100-3 C 18 HD column (MacheryNagel) under conditions that were otherwise the same (R T : 1.2-dihydronaphtalene oxide, 5.1 min; 3-chlorostyrene oxide, 5.86 min; ␣-methylstyrene oxide, 5.37 min; ␤-methylstyrene oxide, 5.08 min; p-methylstyrene oxide, 5.38 min). The mobile phase consisted of an acetonitrile-water mixture (ratio, 60:40). A typical assay mixture contained 3 M StyA and 3 M StyB, 15 M FAD, 50 mM NADH, 650 U of catalase, 150 mM sodium formate, 0.5 U of formate dehydrogenase, and 2 mM aromatic substrate in a total volume of 1,000 l of 20 mM Tris-Cl, pH 7.5, containing 1 mM DTT and 5% glycerol. Alternatively, StyB was replaced by the FMN-NADH oxidoreductase of Photobacterium fischeri. The reaction was started by the addition of NADH. Reaction mixtures were incubated at 37°C on a shaker at 13,000 rpm. After 5 min, 0.5 ml of acetonitrile was added to stop the reaction. The samples were stored at room temperature for 20 min, followed by centrifugation (20 min; 10,000 ϫ g; 15°C) to remove precipitated proteins. Methyl phenyl sulfoxide was extracted with diethyl-ether and analyzed by normal-phase high-pressure liquid chromatography on a CHIRAL-CEL OB-H column (Daicel, Deventer, Holland) at a flow rate of 0.5 ml min Ϫ1 . The mobile phase consisted of an octane-isopropanol mixture (ratio, 95:5) (R T s for racemate methyl phenyl sulfoxide, 25.6 and 45.4 min).
Determination of StyB activity. Enzyme assays were carried out at 30°C in reaction buffer consisting of sodium phosphate (50 mM NaPi, pH 7.2) supplemented with 1 mM DTT and 5% glycerol. StyB activity was determined spectrophotometrically by measuring the rate of NADH oxidation at 340 nm. A standard reaction mixture contained 0.5 g of StyB and 200 M FAD, FMN, or riboflavin in 1,000 l of buffer. The assay was started by the addition of NADH to a final concentration of 200 M. Steady-state kinetic parameters were calculated by weighted nonlinear regression analysis (Enzfitter; Elsevier-Biosoft, Cambridge, United Kingdom).
Stoichiometry of FAD binding. The stoichiometry of FAD binding to StyB was determined by ultrafiltration. StyB at a concentration of 36 M was incubated for 30 min at room temperature with 100 M FAD in 2 ml of reaction buffer. Afterwards, the sample was loaded onto a CentriCon-10 centrifugal filter device (M r cutoff, 10,000; YM-10 membrane; Millipore Corporation) and centrifuged for 10 min at 4,000 ϫ g. The protein content and the FAD concentration in the retentate and the filtrate were determined spectrophotometrically at 450 nm by assuming that enzyme-bound FAD has the same absorption coefficient as free FAD (40) . To determine the K d of FAD binding to StyB and StyA by equilibrium dialysis, a mixture of StyB or StyA (24 M) and FAD (620 M) in 1.5 ml of buffer D (20 mM Tris-HCl, 20 mM imidazole, 100 mM NaCl [pH 7.3], 5% [wt/vol] glycerol) was dialyzed for 2 days against 500 ml of buffer C (20 mM Tris-HCl, 100 mM NaCl [pH 7.3], 5% [wt/vol] glycerol) by using a dialysis membrane (M r cutoff, 10,000; Sigma-Aldrich).
Detection of hydrogen peroxide. Hydrogen peroxide was detected using a modified assay developed by Saito et al. (41) . A standard assay mixture contained 0.5 g of StyB, 100 M FAD, and 200 M NADH in a volume of 1,000 l of potassium phosphate buffer (50 mM; pH 7.0) supplemented with 1 mM 4-amino antipyrine, 12 mM phenol, and 6 U of peroxidase from Coprinus cinereus ml Ϫ1 . The reaction was started by the addition of NADH. The resulting quinoid dye concentration was measured spectrophotometrically at 550 nm (ε 550 ϭ 22.224 mM Ϫ1 cm Ϫ1 ). Metal analysis of StyAB. Metal analysis was done using a Perkin-Elmer 1100 atomic absorption spectrometer (AAS). Solutions of StyA from recombinant E. coli JM101(pSPZ10) and wild-type Pseudomonas sp. strain VLB120 and of StyB from recombinant E. coli JM109(pTEZ302) were prepared in double-deionized water in a concentration of 2 mM protein. As a reference, the different metals were dissolved in double-deionized water at a concentration of 10 to 1 g ml Ϫ1 .
Incorporation of
18 O 2 . A standard StyAB activity assay was performed in 18 O 2 -enriched air as described by Bühler et al. for xylene monooxygenase (5). The epoxidation reaction was started by addition of styrene through a rubber cap. Samples were incubated for 15 min in a shaker at 250 rpm. The reaction was stopped on ice by addition of 1 ml of ether. Products were extracted into the ether phase, which was analyzed by gas chromatography-mass spectrometry using a Fision 8000 gas chromatograph with a Supelco 24044 column. The program was as follows: 4 min at 40°C, a rate of change of 5°C min Ϫ1 , and 2 min at 110°C. Controls were made with air and under anaerobic conditions. The molar ratio of 18 O 2 to 16 O 2 in the gas used for the labeling experiment was determined to be 60:40 by gas chromatography-mass spectrometry analysis.
RESULTS
Purification and characterization of the reductase subunit StyB. StyB was expressed under control of the alk regulatory system of Pseudomonas putida GPO1 (38) in E. coli JM109(pTEZ302) by using 0.05% dicyclopropyl ketone as an inducer. A 1-liter culture typically yielded 2 g (wet weight) of cells, with StyB accounting for approximately 45% of total cell protein. Phase-contrast microscopy showed that StyB formed inclusion bodies. We purified StyB rec from these inclusion bodies (Table 2 ; Fig. 1B) . Purified, refolded StyB was colorless, indicating that no flavin was bound to the protein. The additional band in the purified StyB sample can be attributed to the addition of lysozyme during the purification procedure.
Subunit size and composition of StyB rec were estimated by SDS-PAGE. StyB rec migrated as a single band of approximately 18 kDa, corresponding to the subunit size of 18.364 kDa, which was deduced from the primary sequence. MALDI-TOF analysis indicated a protein size of 18.234 kDa, compatible with the removal of a methionine residue. Edman sequencing showed that the N-terminal methionine was indeed missing. The size of the native protein was determined to be 37 kDa by analytical ultracentrifugation, suggesting a homodimeric structure for native StyB rec .
To compare the catalytic properties of StyB rec and the wildtype enzyme, StyB was partially purified from Pseudomonas strain VLB120 (StyB wtϩ ). After a first separation via anionexchange chromatography at pH 6.5, we detected NADHflavin oxidoreductase activities in three different fractions. Rechromatography of the pooled active fractions at pH 5.9 (near the calculated pI of StyB of 5.25) under otherwise identical conditions resulted in a single fraction with oxidoreductase activity. As the biochemical properties determined for this fraction were similar to those of StyB (see below) and because the salt concentration at which this protein eluted corresponded well to the elution profile of soluble StyB rec (data not shown), we concluded that this fraction contained StyB. A NADH oxidation activity of 2 U mg Ϫ1 was determined for the fraction containing StyB.
Kinetic data for the reductase subunit StyB. The specific activities of the oxidoreductase in the fractions from anionexchange chromatography varied with the StyB rec concentrations. Figure 2 shows that the specific enzyme activity increased in dilute StyB preparations. At a StyB content of 1 to 2 g of protein ml Ϫ1 , the specific activity was constant at about 200 U mg Ϫ1 .
The substrate spectrum and the steady-state kinetics of StyB rec and StyB wtϩ were examined in detail in a series of initial rate studies ( Table 3 ). The oxidoreductase shows Michaelis-Menten kinetics towards all its substrates when the flavin concentration is below 200 M. Flavin concentrations above 200 M inhibited StyB rec and StyB wtϩ significantly. While StyB was exclusively dependent on NADH as a source of reducing equivalents (NADPH was not converted at all), it revealed a more comprehensive spectrum of possible electron acceptors. The results suggest identical catalytic features of StyB enzymes isolated from recombinant E. coli JM109 and wild-type Pseudomonas strain VLB120.
The effect of the various concentrations of FMN and NADH on the StyB rec reaction rate are shown in a Hanes plot (Fig. 3) . The intersecting pattern suggests the formation of a ternary complex of StyB, NADH, and the flavin cofactor in the course of the catalytic reaction. Purification and characterization of the monooxygenase subunit StyA. StyA was purified from recombinant E. coli JM101(pSPZ10) (StyA rec ) and from the wild-type Pseudomonas strain VLB120 (StyA wtϩ ). Details are given in Table 4 and Fig. 1A . To evaluate whether expression of styA in E. coli resulted in structural or functional modifications, both proteins were compared with respect to their basic characteristics (size, N-terminal sequence, and substrate spectrum).
A 2-liter fermentation mixture yielded approximately 47 g (wet weight) of cells of Pseudomonas sp. strain VLB120 and 60 g (wet weight) of cells of recombinant E. coli JM101. StyA accounted for approximately 5% of the total cell protein in the wild-type strain and 25% in the recombinant strain. The cells could be stored at Ϫ80°C for over a year without significant loss of StyA activity. StyA rec and StyA wtϩ were purified to near homogeneity by the three-step procedure described in Materials and Methods. Purification parameters are shown in Table  4 . The recombinant as well as the wild-type form of StyA was colorless upon purification, indicating that no FAD was bound to either protein.
After purification, the specific styrene epoxidation activities were 2.1 and 1.9 U mg Ϫ1 for StyA rec and StyA wtϩ , respectively. The enzyme activity had a half-life of 2 days in buffer at 4°C. Addition of 10% (vol/vol) glycerol and 1 mM Pefabloc to the storage buffer improved enzyme stability: the activity decreased by only 20% during the first 2 weeks of storage at 4°C. Even after 3 months at 4°C, StyA still retained 60% of its initial activity.
Gel filtration chromatography on a calibrated Superdex 200 column indicated a molecular mass of 80 Ϯ 10 kDa for the native StyA rec as well as for the native StyA wtϩ . Both proteins migrated as a single band with a subunit size of approximately 47 kDa in an SDS-PAGE gel. These results were confirmed by MALDI-TOF analysis (molecular mass, 46.350 kDa) and suggest a homodimeric structure for both native enzyme species. The N-terminal amino acid sequences of StyA wtϩ and StyA rec determined via Edman analysis were identical and corresponded to that expected from the nucleic acid sequence of the styA gene (TrEMBL accession number O50214). A pI of 5.3 was calculated based on the deduced amino acid sequence of StyA.
In addition, several styrene derivates were tested as substrates for StyA wtϩ (for the substrate spectrum of the recombinant enzyme, refer to Hollmann et al. [20] ). The wild-type enzyme catalyzed the epoxidation of p-, ␣-, and ␤-methylstyrene, 1,2-dihydronaphthalene, methyl phenyl sulfide, and 3-chlorostyrene at rates comparable to those achieved with the recombinant form of the enzyme (data not shown).
Characteristics of the StyAB system. To determine whether purified recombinant StyAB (StyAB rec ) and wild-type StyAB (StyAB wtϩ ) contain a bound FAD or a heme as a prosthetic group, UV spectra and a CO difference spectrum of the enzyme subunits were recorded. Significant absorption maxima were not observed either for FAD or for the heme group, implying that neither subunit contains a bound cofactor after purification. To further examine the binding of FAD to StyA and StyB, we measured the fluorescence of FAD in the presence of either subunit. FAD fluoresces at 520 nm upon excitation at 450 nm. Binding of this molecule by a protein results in a change in the fluorescence emission intensity (2). Adding 20 M StyB to 20 M FAD led to a significant increase in the intensity of the FAD fluorescence, whereas only a minor effect was observed after the addition of 20 M StyA to free FAD (Fig. 4) . These findings indicate that FAD binds more efficiently to StyB than to StyA. This result was confirmed by determining the apparent K d values for FAD binding to StyA and StyB via equilibrium dialysis. StyA at a concentration of 24 M was incubated with 620 M FAD as described in Materials and Methods. After 2 days of dialysis, UV spectra (280 to 600 nm) from the proteincontaining compartment and the outer compartment were recorded. The difference spectrum revealed a maximum of 0.016 at 450 nm. Assuming that the absorption coefficient for enzyme-bound FAD is the same as that for free FAD (40) , the concentration of enzyme-bound FAD was determined to be 1. The StyAB reaction system was incubated with different compounds known to inhibit oxidoreductases. Experiments were performed either with StyAB rec and StyAB wtϩ to determine the styrene oxide formation rate or with StyB rec to measure the NADH oxidation rate. StyB rec activity was fully inhibited in the presence of 200 M p-hydroxymercuribenzoate. Ninety percent of the initial StyB activity was recovered upon addition of 2 mM DTT. Chelating agents such as EDTA and phenanthroline had no effect on the epoxidation activity of the StyAB rec and StyA wtϩ -StyB rec systems, which indicates that no divalent ions are necessary for catalysis. The same is true of metyrapone and proadifen, two effective inhibitors of cytochrome P-450 enzymes, suggesting that no heme is involved in the reaction. In the presence of 20 M CuSO 4 or 100 M AgNO 3 , no StyB rec activity was detectable. The presence of StyA did not prevent the inhibitory effect of the aforementioned agents, and no formation of styrene oxide was observed. These results were confirmed by AAS analysis, in which neither StyA nor StyB was found to contain Fe 2ϩ , Cu 2ϩ , Zn 2ϩ , Mn 2ϩ , Co 2ϩ , or Mg 2ϩ . StyAB-catalyzed epoxidation reaction. StyA activity for the epoxidation of styrene into S-styrene oxide was restored by the addition of StyB, NADH, and FAD. The apparent K m value for styrene was determined to be 0.38 Ϯ 0.09 mM for StyA rec and 0.45 Ϯ 0.05 mM for StyA wtϩ . Adding the same number of units of the flavin-NADH oxidoreductase of Photobacterium fischeri or a chemical reductant (20) instead of StyB to the reaction mixture under otherwise identical conditions resulted in 70% epoxidation activity. In contrast to the redox reaction, which is catalyzed by StyB alone, no epoxidation activity was observed for the StyAB system when FAD was replaced by FMN or riboflavin.
The potential formation of an enzyme complex between StyA and StyB was investigated using analytical ultracentrifugation. Samples were prepared as described in Materials and Methods. StyA and StyB were assayed in the presence and absence of cofactors and a substrate. In neither case was a protein population attributable to an enzyme complex detected. In fact, only two populations corresponding to native StyA and native StyB were observed.
To elucidate whether StyA had any influence on the specific activity of StyB, the NADH oxidation rate was measured in the presence of different StyA concentrations, which varied from 72 nM to 23 M at constant FAD and StyB concentrations (1 M and 72 nM, respectively). All other parameters were as described in Materials and Methods. No change in the NADH oxidation rate was observed under these conditions, whereas the StyA activity was strongly influenced by the amount of StyB added. To avoid NADH limitation during the reaction, a NADH regeneration system based on formate dehydrogenase (26, 45) was included in the assay (see Materials and Methods). Catalase was added to prevent inactivation of the enzymes by hydrogen peroxide formation. Under these conditions, maximal epoxidation activity was measured when the molar amount of StyB present in the reaction mixture was equal to or larger than that of StyA (Fig. 5) . At a FAD concentration exceeding 15 M, the styrene oxide formation rate decreased.
The epoxidation activity of 2.1 U mg Ϫ1 persisted during the first 5 min and then rapidly decreased to 0.5 U mg Ϫ1 . Assaying for product inhibition of StyAB revealed a significant decrease in the styrene epoxidation activity at styrene oxide concentrations exceeding 0.5 mM.
Changes in the UV signal of FAD at 450 nm allowed an evaluation of the binding of FADH 2 to StyA (Fig. 6 ). When only StyB was present, the FAD concentration remained constant after addition of NADH, which was due to the spontaneous reaction of FADH 2 with molecular oxygen, yielding FAD and hydrogen peroxide (550 M) (Fig. 6A and 7 , reaction 3). The presence of StyA caused a decrease in the concentration of free FAD, which was proportional to the StyA concentration (Fig. 6B) . The concentration of hydrogen peroxide was determined to be 390 M in the presence of 5 M StyA and 220 M in the presence of 10 M StyA. Therefore, we conclude that StyA stabilizes a reduced or oxygenated form of FAD. Whether it is the flavoquinone or the 4␣-hydroperoxoflavin remains to be clarified. Addition of the substrate styrene to a reaction mixture containing StyAB reversed the stabilizing effect of StyA, which can be ascribed to the FADH 2 oxidation during styrene epoxidation (Fig. 6C) . 18 O 2 labeling experiments were performed to confirm the monooxygenating nature of the StyA-catalyzed epoxidation reaction. Figure 8 shows the mass spectra of styrene oxide formed from styrene in the presence of air (panel A) and in an atmosphere in which the molecular oxygen contained 60%
18 O (panel B). The fragmentation pattern of the two spectra clearly shows that one oxygen atom from molecular oxygen was incorporated into the aromatic substrate. The ratio of labeled styrene oxide (M ϭ 122) to nonlabeled styrene oxide (M ϭ 120) is 52:48 and corresponds well to the ratio of 16 O to 18 O in the gas used. Furthermore, no product formation was detectable under otherwise identical conditions in the absence of O 2 or NADH. These results clearly demonstrate that the epoxide oxygen is derived from molecular oxygen.
DISCUSSION
Classification of StyAB. The epoxidation activity of StyAB was restored after addition of StyA and StyB to a reaction mixture containing NADH, FAD, O 2 , and styrene. This confirms earlier assumptions based on the genetic organization of the styA and styB genes (38) that StyA and StyB function together as an enzyme system. The StyAB system showed no epoxidation activity in the absence of either O 2 or NADH (as a reducing agent), indicating that StyAB is a true monooxygenase. This finding was substantiated by the incorporation of 18 O 2 into styrene by StyAB. StyB alone exhibited NADH-flavin oxidoreductase activity and no formation of styrene oxide was detectable in the absence of StyA. StyA showed no NADH oxidation activity and epoxidized styrene in the presence of FAD and NADH and StyB or, alternatively, other reducing agents (20) . Hence, we suggest that StyAB is a two-component enzyme system consisting of a monooxygenating unit (StyA) that is supplied with reducing equivalents via a reductase component (StyB). Interestingly, StyA and StyB were purified without their putative prosthetic group. Monooxygenases usually depend on a transition metal or an organic cofactor to activate dioxygen. The only known exceptions are the quinone-transforming monooxygenases, which activate oxygen without any apparent requirement for cofactors and metal ions (11) . As the StyAB activity was unaffected by the addition of metal-chelating agents, we conclude that no metal ions are involved in the catalytic mechanism. Furthermore, atomic absorption spectroscopy revealed that none of the most common metal ions, such as Fe, Cu, and Co, are present in the proteins. StyAB is not a cytochrome P-450 enzyme, like the styrene monooxygenase of Exophiala jeanselmei (8), since typical P-450 CO difference spectra were not detected and the enzyme activity of StyAB was not affected by metyrapone or proadifen, which are strong inhibitors of cytochrome P-450-dependent enzymes. The epoxidation activity of isolated StyAB depended on FAD. Moreover, total inhibition was observed in the presence of CuSO 4 and AgNO 3 , which form complexes with the flavoquinone form of free flavins (32) . Based on the results discussed above, StyAB is classified as a flavin-dependent monooxygenase. It is the first soluble two-component flavin-dependent enzyme characterized in detail which is capable of epoxidizing CAC double bonds at a high rate compared to cyclohexanone monooxygenase from Acinetobacter calcoaceticus, which catalyzes the epoxidation of the highly activated CAC bond in vinylphosphonates at low rates (7, 54) , or the membranebound squalene monooxygenase (27, 53) , which is the key enzyme in the biosynthesis of cholesterol, epoxidizing squalene into 2,3-oxidosqualene.
Characterization of StyA. StyA was purified to near homogeneity from crude extracts of recombinant E. coli JM101 and the wild-type Pseudomonas sp. strain VLB120. The specific epoxidation activities in both preparations varied only a little, with 2.1 U mg Ϫ1 for StyA rec and 1.9 U mg Ϫ1 for StyA wtϩ . Both StyA species showed identical characteristics with respect to sizes, N-terminal sequences, substrate spectra, and K m values. Thus, expression of styA by recombinant E. coli does not result in structural or functional modifications of the enzyme compared to the wild-type protein.
The overall StyA amino acid sequence exhibits no significant homology to that of any other known enzyme. An alignment of the amino acid sequence of StyA with several sequences of two-component flavin-dependent oxygenases revealed that only the Rossmann or ␤␣␤-fold is fully conserved in this protein. This motif (containing the GXGXXG sequence) is important for binding of the ADP moiety of FAD (49, 50) .
Characterization of StyB. StyB enzymes purified from recombinant E. coli and wild-type Pseudomonas strain VLB120 have identical substrate spectra and similar kinetic characteristics. The level of expression of styB by the wild-type strain can only be estimated. The volumetric NADH-oxidation activity was 2 U ml Ϫ1 in the enriched fraction (0.7 mg of total protein ml Ϫ1 ). If we assume that the specific activities of StyB wtϩ and StyB rec are identical, the StyB concentration in that pool was 18 g ml Ϫ1 . Therefore, a total StyB wtϩ content in the original cell extract of 0.6 mg (in 33 ml of cell extract) can be calculated. The loss of StyB during the enrichment procedure is not accounted for. This corresponds to a StyB content of approximately 0.1% of total protein. This fits well with estimations based on SDS-PAGE of the wild-type crude extract, in which we were not able to identify a protein band corresponding to StyB, meaning that the protein content had to be much lower than 1%. Thus, styB was expressed at a much lower level in the wild type than styA (5%), which is in agreement with findings reported for 4-hydroxyphenylacetate 3-monooxygenase (29) .
The only modification upon expression of styB in E. coli JM109(pTEZ302) was the excision of the N-terminal methionine residue. This is a common phenomenon among recombinant proteins expressed by this host strain (4, 19) and was also reported for NAD(P)H-flavin oxidoreductase from Vibrio fischeri ATCC 7744 (21) .
Incubation of StyB with NADH and FAD, riboflavin, or FMN resulted in NADH oxidation, confirming that StyB is an independent NADH-flavin oxidoreductase. It strictly depends on NADH as an electron donor, an ability shared with many other described oxidoreductases, most of which have significantly higher K m values for the other nicotinamide if they are able to convert it at all. The capability to utilize different flavins as electron acceptors is found in all NADH-flavin oxidoreductases that do not possess a protein-bound flavin. At flavin concentrations exceeding 200 M, StyB seems to be inhibited by its substrate. Therefore, we assume an ordered sequential binding mode for NADH and FAD, with NADH binding as the first substrate. High FAD concentrations may lead to bind- Ϫ1 . The rise in activity upon dilution may be due to formation of insoluble microaggregates at higher protein concentrations or various oligomer populations displaying different activities. The latter has been described, e.g., for pyruvate decarboxylase, whose specific activity depended on the oligomeric state of the enzyme (23) .
The catalytic activity of StyB is up to 1 order of magnitude higher than those of most reductases in other two-enzyme monooxygenase systems, such as alkane sulfonate monooxygenase (SsuE) of E. coli (32 U mg Ϫ1 ) (9) and the EDTA monooxygenase (EmoB) of strain BNC1 (105 U mg Ϫ1 ) (43) . Only for the recently described flavin-NADH oxidoreductase PheA2 of the phenol hydroxylase system was a higher activity reported (802 U mg Ϫ1 ) (24) . The steady-state kinetics measured for StyB at various concentrations of FMN and NADH displayed an intersecting pattern when analyzed in a Hanes plot (Fig. 3 ). This kind of pattern suggests the formation of a ternary complex among StyB, NADH, and the flavin cofactor. A change in the concentration of the fixed substrate influenced both the slope and the intercept of the plot. In the case of a ping-pong binding mechanism, the slope would not be affected by varying of substrate concentrations. Therefore, a sequential binding mode is plausible.
Enzyme ratio. The molar ratio of StyA to StyB was found to strongly influence the epoxidation rate. Highest styrene conversion rates were measured when the molar amounts of StyB present were equal to or higher than those of StyA. Considering the molar ratio of reductase to hydroxylase in other twocomponent systems gives a very diverse picture. For phenol hydroxylase from Bacillus thermoglucosidasius (24) , the highest oxygenase activity is observed at a 100-fold excess in favor of the hydroxylase, while in other cases such as that of alkane sulfonate monooxygenase from E. coli this ratio is inverse (reductase to hydroxylase, 4.2:1) (10). Why there is such diversity in this respect is difficult to say at this stage. For the StyAB system, we assume that the amount of FADH 2 is limiting for the StyA-catalyzed reaction. Thus, addition of more reductase (at sufficient FAD and NADH concentrations) increases the in situ FADH 2 concentration and therefore all FADH 2 -dependent reaction rates are enhanced.
FAD binding. The flavin plays a crucial role in the reaction catalyzed by StyAB. It is a substrate for the oxidoreductase StyB, which reduces it to FADH 2 . The reduced FADH 2 is a substrate for the oxygenase StyA, where it activates oxygen for the epoxidation of the aromatic substrate. Thus, FADH 2 is the functional link between the two enzyme components. The mechanism of transfer of the reduced flavin from the oxidoreductase to the oxygenase is still a matter of discussion. We have observed no complex formation between the two components so far. Considering the StyB activity in the presence of StyA, we noticed a change in the NADH oxidation rate upon the addition of the hydroxylase only when working with low FAD concentrations and high StyA concentrations (data not shown). Under nonlimiting FAD concentrations, no change in the oxidoreductase activity was detected upon the addition of StyA. We conclude that due to the fact that FADH 2 is bound by the hydroxylase it cannot be reoxidized by molecular oxygen to hydrogen peroxide and FAD as fast as it can without StyA and thus the reductase runs into a FAD limitation, which can be easily overcome by the addition of more flavin. A similar observation was reported for 4-hydroxyphenylacetate monooxygenase from E. coli (29) . Hence, it seems reasonable to conclude that StyA and StyB do not interact and FADH 2 diffuses from one active site to the other. This kind of FADH 2 transfer can be controversially discussed because of the rapid autooxidation of unbound FADH 2 in the presence of molecular oxygen. Galan et al. (13) proposed the two-component flavindiffusible monooxygenase enzyme family based on their findings for 4-hydroxyphenylacetate 3-monooxygenase of E. coli W and showed that an electron transfer via a freely diffusing FADH 2 is possible. They suggested StyAB (among others) to be a member of this family. Unfortunately, the biochemical processes behind this electron transport mechanism have been poorly investigated so far. Only for the bacterial luciferase system has an in vivo flavin transfer been further elucidated. Tu and coworkers (22, 28) recently showed that the oxidases (luciferases) of Vibrio fischeri and Vibrio harveyi interact with the corresponding NADH-flavin oxidoreductases, leading to direct transfer of flavin between the two components. This system differs significantly from StyAB. Most importantly, the binding mechanism and the enzyme kinetics of the NADHflavin oxidoreductase change upon addition of the luciferase (22, 28), whereas we did not observe such influences in the case of StyAB.
The FAD concentration in the reaction mixture had a significant influence on the rate of the epoxidation reaction catalyzed by StyAB: maximal epoxidation rates were observed at FAD concentrations between 10 and 20 M (Fig. 5) . Higher FAD concentrations resulted in a decrease of the styrene oxide formation rate as a consequence of reduced StyA activity. The same findings were reported for the p-hydroxyphenylacetate hydroxylase from Acinetobacter baumannii (6) and 4-hydroxyphenylacetate-3-hydroxylase from E. coli (52) . Others have discussed this inhibiting effect as a competitive inhibition of FAD at the hydroxylase component. In our case, we suggest a different possibility, since almost no interaction between FAD and StyA was found. Reduced flavins can auto-oxidize in two different ways, as outlined in Fig. 7 (30) . Either FADH 2 reacts with molecular oxygen to yield hydrogen peroxide and FAD or FADH 2 reacts with FAD to form a highly reactive flavin radical. The overall formation rate of the FAD radical depends directly on the concentration of FAD. Therefore, increasing concentrations of FAD shift the reaction equilibrium towards the unproductive FADH 2 oxidation, thereby explaining the lower epoxidation activity in the presence of higher FAD concentrations. This mechanism would involve free FADH 2 . We therefore propose a reaction sequence wherein StyB catalyzes the NADH-promoted reduction of FAD into FADH 2 , which diffuses to StyA. FAD binds much tighter to StyB than to StyA. Due to the high instability of FADH 2 under reaction conditions, a more detailed characterization of FADH 2 binding to StyA is not possible using UV-visible spectroscopy. However, stabilization of FADH 2 in O 2 -containing media was observed only in the presence of StyA, suggesting that StyA tightly binds reduced FAD and thus slows down its oxidative degradation (Fig. 6) .
In summary, the results presented here demonstrate that
StyA and StyB form a functional enzyme system in which the StyB-catalyzed reaction is not influenced by StyA. We conclude that StyAB is a two-component flavin-dependent monooxygenase capable of epoxidizing CAC double bonds. We now expect fast kinetic measurements to add to a more detailed understanding of the epoxidation mechanism, especially regarding reaction rates of individual redox steps.
